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Calculating Thermal Boundary lLayer in a Flow of
Canpressible Gas :

by
L, I, Zysina-lolozhen
Discussed is an approximate se.jempirical method, which allows with sufficient
accuracy to calculate a8 laninary, transient and turbulent zones of thermal boundary
layer when & flow of compressible gas is directed arcund a surfacee
The solution of many technical problems is connscted with the nacessity of cal-
culating heat exchange of a surface with a stream of cumpressible gas flowing around
it. The boundary layer originating thereat in dependence upon the flow condition and
the nature of velocity distribution along the surface can be over the entire span of the
surface either l.aminary. transient or turbtulent, or on sections of surface =laminary,
then trensiens and finally turbulent. |
In this report is introduced and approximate semiempirical method, allowing with
satisfactary accurecy to calculate all three zonss of thermal boundary layer,origi-
nating when a compressible gas is flown around a surface. The nature of the method
lies in the following.
We will investigate a plane flow of canpressible gas, It i%knovn. that for this

case the integral ratio of energy in Dorodnitsyn variadbles acquires the form

LA L e 1
Here di N UO T- erez ()
e p u "
== {1 - —|dy; -
75{‘0 o( ‘o)y - (2)
du w, . f
[ p
UQ=—f'.Uo=—d_xL.¢=op—.dxn
. ax U | e
Nup= —ZiRe=—=: Pre=—0s @
=TT, =T,—T, (5]

et f1eR 1



(8sign® corresponls to retardation paramaters)e

It can be written

- (5)
ox - a _—ET T-a—-r, R :
vhere
[
L, Yo,
sz——’»—“: T R= ?—ug/. (b)

[V
M v

Using formula (5) it is possible to change equation (1) into form of

I =

dey Ui W=RL
o TT, T “ W pre,” ()
» Ve will introduce paramteru u; )
,T'— U. 701'- (b)
T, L Nu,
/'=—T_(1 3 PrRe, Gy 9

and will assume, that thay, changing along the surface around which flow is directed,

do synonymously deterrine all characteristics of thermal boundary layer, We will assume,
that in expression (8) the influsnce of the longitudinal temperature gradient is

characterized by the complex %:&_. and Gp does not depend upon_dd%-and determines

only the effect of the Re~number, In this case the value Gp will be identical far the

flow around the profile and for the flow around a plate as well, We will determine

the function Gyp in accordence with data concerning heet exchange of a pilate,

By examining the experimental data (figel) it beccmes evident that when the
physical constants are referred to retardation parameters ® the formulae far calcula-
ting heat exchange retain the very same form as for the case of a noncampresaible
flow, For the transient zone of the boundary layer the effect of compressibility is
reflected on the coardinates of the beginning and ending of the transitiomm (khbgs.
khond)’ and the development of the transition process after its arigination tekes

place in such a way, that lines Mo = N(Rey) remain perallel to each other over the

entire investigated range of change in M mumber,

It is evident, that the curves can be approximated by a family

*Footnote w—m=ee During the calculating all} physicel constant are referred to
temperature of retardation.
*

»
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in which the valu;:a B and n are dif{ferent, but unchanged for each flow condition in

the boundary layer, For the transient zone the coefficient B appears, as shown by exper;-
ments, to be a variable vslue,changing with the change in velue of Re number, corres-
ponding to the point of beginning of trensition R’khbeg‘ This value is= determined by
the initial turbulence of the !low@l. magnitude of the temperature factor and Me
rumber, 1.e,tLe volue B retains constancy within limits of each con::rete experiment,

but can change with the change in initial and practical conditicns of the process,

Substituting expressicn (10) in the integral ratio of energy far plate

da'r" T, . E-k‘—_l Nu, 1
& 709 pRe, ‘b
and using foarmule (9) it is possible to obtain for function G'l‘ the following expressions
. ' Pr G 7 .om 5
= (m — e et e L U2)
Gr (m‘l)‘b(m——l)Bj . ey

Tu o L:l "
[-7:“* %) _‘
-

where m = n,
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Fig.leDependence No,= N(Rey) at various values of M-number
1=04243 2= Oolilis 3=Ce52; 4=0s733 5= 1075 6= i3 I-liuy=04297 Reg-laminary bounda-
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Ty layer; Il- lug= 0,0255 Rey - turbulent; B,/T,° =/ 1,
We will determine function X in such a way that for a plate it will be posaible

to accept

[ T b ) —(m1)
7 =L (1. ayk=i - .
/ T (1~ a?) J 1. (13)

Then for Gp is obtsined a formla
" Gp fARe',"', (14)
which is perfectly analogous to formula for an inconpressible flow '_1].
[ ]
Introdueing formlas (8), (9) and (1) into equation (7) it is posaible with

the aid ef noncomplex calculatiocns to bring same into the following forms

df, v
; =[m+1)y -2} — — —=2f,. 5
T rl T (15)

For an incompressible flow was shown experimentally(27] stbat the function,szet
in square parentheses
Fro-tm—1)y--2jr (16)
can be well expressed by formula
Fr=a-2r. (17)
The value a was found to be independent from the temperature gradient and is deter-
mined only by the condition ef flow in boundary layerx,
We will assume, tnat for a compressible flow is also possible to write an analogous
formula, If a does not depend upon the longitudinal pressure gradient, then it, appar-
ently, should have an identical value as during a flow arocund a profile,and during
the flow around a plate, Then, by using formula (13} it is possibles to determine a by

formla

T, ke
a=(m+1)[-r—"—u—=av-i] . (18)

w
vhere e, = value @, for an perturbed flow,
If wve would conaider flows, characterized by comdition ‘g,l‘.l: = = const, then

it is apparent that for each flow ccodition a will de a ccnstant valus depending only



upona the flow ecndition,

In this osse equation (15) can be easily integrated and allows to deternine &:.‘
for the thermal boundary layers

. [a m(v;)ﬁ P .~ (Rett ymet A
"T= (7) b’o {J bodx-rvo (Refn)m‘.-l —a—“‘}. (19)

*u

Here A) corresponds to the value of the coefficient A in formula (14) for hmlmry

boundary layer, if the cealculation is made for the transient zome, and corresponds
to the value A for transient zone 1if the calcuhtion is made for the turbulent part
of the boundary layer, Consequently Re&; = n—:?:—— is determined for coardinates of
the beginning of change over from calculation of laminary section in first case and
coordinates of the end of transition fram calculation of transient zone in second,
For convenience of and to speed calculation value a for each condition of flow in
the boundary layer cam be calculated by farmila (18) in the mecessery rangs of para-
meter changes and presented in form of curves (f£ige2).
Using formlas (19), (9), (16)={18) it is possible to obtain an axpression for

th: calculation of local values of heat exchango coefficient

_l_ m
y - 1\m=T Pr 1--2 Ugdx AN m+
Nu, = == n e ym—t L2l "
( A ) 1—-m[ 1—:0] S‘ - (Rey,) a} - (20)

Camparing (20) with the corresponding formila for "incompressible flw?;l it 1s

posaible to detect, that when all physical constants are referred to flow temperature
retardation T; there is s farmal analogy between the type of formla for calculating
intensity of heat exchange in a compressible gas flow Nu, and in an incompressible

flow MNu' . By comparing these forrulas it is easy to obtain a relationm
- k
kR 1»

ey

2 T , l1-—-
R =

| Ry

It is evident from this formula, that for the case “of a flow directed around a
plate, when the rate on the outer limit of the boundary layer is equal to the apeed
of the oncaning flow and & =g .o OF A 0 7 swFespectively, at above described repre-

smntstion of foarrmlas should come to s ratlo



Nu, = Nu,. (22)

As already mentiocned, this formal ratio corresponds well with experimental datas,

See attached page for Figure 2 (€a)

Fige.24Dependence a=a(}]) for laminary section
of boundary layer (a); for transient sectiom
(b) and for turbulent (o) at various 1‘,,,/'13:
1=0,53 2=0465 3=0473 4=0.8; 50493 6=1.03
7=1e2; B=lel; 9=1.6; 10=1,8; 112,0
Vhen calculating the coordinate of the point
of the beginning of change over kh, can be
determt®il) by the Doradnitsyn-Loytsyanskiy
method {37, For an approximate determination
of the length of the transient zons we could
recoamnend tha following simple considerations,
The processing of experimen ts (results) listed
in fig,1l, and analogous results of other
authors showed, that the parameter r,,char-
acterizing the relationship between coardi-
nates of end Kh, 4 and beginning of transition kb”g. does not depend upon M mumber,
This property of the parameter ry allows to determine its value by empirical curves,
cbtained for en inccmpressible flow and mentiomed 43 report [A]e
Designations
Qa - density,corresponding to retardation parameters; Ug, T,- rate and temper-

aturs outside of the boundary layer; T, ~temperature of wall.
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